Abstract The genesis of the fine crystalline dolomites that exhibit good to excellent reservoir properties in the upper fourth member of the Eocene Shahejie Formation (Es 4 s ) around the Sikou Sag, Bohai Bay Basin, is uncertain. This paper investigates the formation mechanisms of this fine crystalline dolomite using XRD, SEM, thin section analysis and geochemical data. The stratigraphy of the Sikou lacustrine carbonate is dominated by the repetition of metre-scale, high-frequency deposition cycles, and the amount of dolomite within a cycle increases upward from the cycle bottom. These dolomite crystals are 2-30 lm in length, subhedral to anhedral in shape and typically replace both grains and matrix. They also occur as rim cement and have thin lamellae within ooid cortices. 
Introduction
The controversy surrounding the origin of sedimentary dolomites is known as the ''Dolomite Problem'' (Van Tula 1916; Land 1985) . Very fine crystalline dolomites are widely formed in varied types of lacustrine systems (Meister et al. 2011; Mauger and Compton 2011; Last et al. 2012; Casado et al. 2014; Meng et al. 2014a, b; Köster and Gilg 2015; Lu et al. 2015) . They may form by replacement (dolomitization) of micrite matrix or allochems, or alternatively, they may occur as intraparticle and interparticle cements (Rosen and Coshell 1992) . They consist of euhedral to anhedral crystals from a submicron size to 7 mm and are normally nonstoichiometric and poorly ordered (Last et al. 2012) . Although the formation of fine dolomites in both modern and ancient lake records has been widely studied (Wright 1999; Bustillo et al. 2002; Casado et al. 2014; Lu et al. 2015) , in many studies of lacustrine dolomites, there is insufficient evidence to determine whether the fine dolomite is of a primary or secondary (replacement) origin.
Fine crystalline dolomites are widely distributed at the Eocene lacustrine carbonate interval, in the Bohai Bay Basin (Jiang 2011; Peng 2011) . Many previous studies have investigated the reservoir characteristics of lacustrine dolostones in the Bohai Bay Basin and have reported porosity improvement by the dolomitization (Xu 2013 ).
However, the origin of dolomites is not as well documented, and the source of Mg 2? ions remains poorly resolved during the Es 4 s in the Bohai Bay Basin (Yuan et al. 2006) . Understanding dolomite formation is a first step towards improved prediction of the architecture and distribution of dolomite reservoirs at regional scales.
In this study, the mineralogy, texture and stable isotope composition of minerals recovered from dolomites of the Sikou Sag, Bohai Bay Basin, are examined to better understand their origin. Carbon isotopes are used to determine the source of the carbonate ions, and strontium isotopes are used to determine the source of Ca 2? and Mg 2? ions. A detailed study of Sikou Sag dolomites may benefit strategies for lacustrine carbonate hydrocarbon exploration across the Bohai Bay Basin. This paper provides an example of early, high-frequency cyclic dolomite in lacustrine carbonate by high-salinity lake water.
Geological background
The Bohai Bay Basin, an important hydrocarbon-producing basin in China, is located on the eastern coast of China and covers an area of approximately 200,000 km 2 . It is a complex rifted basin formed in the late Jurassic period through the early Tertiary period on the basement of the North China platform. The tectonic evolution of the Basin consists of a synrift stage (65.0-24.6 Ma) and a postrift stage (24.6 Ma to the present). The synrift stage can be further subdivided into an initial stage, an expansion stage, an expansion and deep subsidence stage, and a contraction stage. The sediments deposited at the synrift stage were restricted to the grabens and half grabens and were deposited in lacustrine environments. The postrift stage occurred during the deposition of the Guantao, Minghuazhen and Pingyuan Formations (Guo et al. 2010) .
The Sikou Sag is located in the mid-western part of the Zhanhua Depression of the Bohai Bay Basin (Fig. 1a) , which is adjacent to the Yihezhuang Uplift and bounded by the Yidong Fault (Pan and Li 2004) . The northern part of the Sag is connected to the Chengdong Uplift; the western part of the sag is connected to the Yihezhuang Uplift through the Yidong Fault zone; the southern part is adjacent to the Chenjiazhuang Uplift bounded by the Gunan Fault zone, and the eastern part of the sag is connected to the Gudao Uplift and is also separated from the Bonan Sag by an east-west trending fault zone (Fig. 1b) . In cross section, the research area can be divided into three parts: the Shaojia gentle ramp zone, the sag zone and the Yidong fault zone from the south-east to the north-west (Fig. 1c) .
The Sikou Sag is filled by Cenozoic to Quaternary strata up to 5000 m thick in the depocentre. In ascending order, these strata consist of the Kongdian (Ek), Shahejie (Es), Dongying (Ed), Guantao (Ng), Minghuazhen (Nm) and Pingyuan (Qp) Formations. The Es formation can be further subdivided into four members, from the base to the top: Es 4 , Es 3 , Es 2 and Es 1 (Fig. 2) . The Es 4 interval is the focus of this study. It ranges from 0 to 1400 m thick and consists of a lower ''red bed'' unit (Es 4 x : red interbedded sandstone and shale) and an upper grey mudstone interbedded with finegrained carbonates and thin-bedded sandstones (Es 4 s ). The Es 4 overlaps the Ek formation unconformably and is overlain in turn by the Es 3 Member, which is composed of 1000-m-thick brownish oil shales and dark-grey shales interbedded with thin sandstones and carbonates.
The study area began to subside during the deposition of the Es 4 Member resulting in a large topographic relief adjacent to the sag, which is steep in the north-south and gentle in the east-west directions. During this time interval, the climate was dry and warm, resulting in evaporative conditions. Sedimentary rocks in the study area consist of dark conglomerate, sandstone, shale, limestone, dolomite and gypsum beds ranging from 4.5 to 1735.5 m in thickness. Siliciclastic rocks dominate in the lower Es 4 , whereas carbonate rock and gypsum are distributed in the upper Es 4 . During the upper Es 4 , there was mainly terrestrial detritus and carbonate deposition on the edge of the sag with gypsum, dark carbonate mudstone and shale deposited in the centre of the sag.
The Es 4 s Member of the Shahejie Formation in the Sikou Sag is interpreted as a complete marine third-order depositional sequence that formed during the rifting phase of the Bohai Bay Basin. Metre-scale, high-frequency depositional cycles are fundamental genetic units which make up the lacustrine carbonates in the Sikou Es 4 s interval. It reveals the extreme susceptibility of this system to high-frequency fluctuations in basin hydrology. The ideal high-frequency depositional cycles are characterized by a shallowing-upward trend of depositional facies and by a minor depositional unconformity at the top, which is related to subaerial exposure. A transgressive and regressive hemicycle can be observed within each genetic unit.
Three main facies associated with the research area are identified: (1) reef mounds are mainly developed along the downthrown block of the Yidong Fault, where algal bindstones are the main constituents. (2) Shoal facies developed on the gentle slope of the Shaojia area. These are composed of various grainstones and packstones. (3) The highersalinity central-lake deposits of dark shale interbedded with gypsum and halite and thin dolomitized mudstone are mainly deposited at the centre of the lake. Deposition of these associations is interpreted to have taken place in a rift 
basin, where carbonate deposits changed to gypsum, halite and oil shale from the shore to the lake basin (Fig. 3) . The sedimentation in the research area was dominantly controlled by wind-induced wave and wind action.
Data and methods
The petrographic characteristics of 52 polished thin sections were observed using a standard, transmitted light petrographic microscope. Staining with Alizarin red S and potassium ferricyanide differentiated between the ferroan and non-ferroan phases of calcite and dolomite. Twenty thin sections were studied with a CILT Mk5 cold-cathode luminoscope. The uncovered thin sections were exposed to electron radiation at 12 kV in a vacuum-sealed chamber that was attached to a Nikon Optiphot-pol petrographic microscope at Oklahoma State University. An FEI Quanta 600 F field emission scanning electron microscopy (SEM) at Oklahoma State University was used for SEM and energy-dispersive X-ray spectroscopy (EDS) of six dolomite samples. X-ray diffraction (XRD) analysis was carried out with powdered bulk rock materials on a Dmax 12 kW powder X-ray diffractometer. The samples were step-scanned at a 0°-70°2h interval.
Sample powders for chemical analysis were selected by the standard X-ray diffraction data and obtained from thin rock slabs using a dental drill. The strontium contents of dolomite were analysed by ICP-OES at Oklahoma State University. A total of 32 stable oxygen (d 18 O) and carbon (d 13 C) isotopes were analysed from powder dolomite and calcite samples using a Thermo Scientific Kiel IV automated carbonate device connected to a Thermo Scientific MAT253 dual-inlet isotope ratio mass spectrometer in the Analytical Laboratory for Paleoclimate Studies (ALPS) at the Jackson School of Geosciences, University of Texas at Austin. Dolomite and calcite powders were reacted with 100 % phosphoric acid at 90°C using a Kiel III online carbonate preparation line connected to a ThermoFinnigan 252 mass spectrometer. Stable isotope ratios of carbonate samples are reported in per mil (%) units VPDB. The longterm analytical precision based on [1500 stable isotopic determinations of a carbonate standard is ±0.12 (2r) for d
18 O and ±0.06 (2r) for d 13 C. The Sr isotope ratio analysis of eight selected samples including dolomite and calcite was performed at Nanjing University using a VG Aldermaston Micromass 30 solid-source mass spectrometer.
Stratigraphic distribution
Fine crystalline dolomites are mainly found in various grainstones and packstones at all depths across the littoral to sublittoral zone, and a small proportion of very fine crystalline dolomite may also partially replace lime mudstone. The distribution and abundance of dolomites is closely related to the characteristics of metre-scale, highfrequency depositional cycles. Metre-scale, high-frequency depositional cycles are defined by integrating core-derived sedimentology data and well-log interpretations. They are the fundamental genetic units, which make up the lacustrine carbonates in the Es 4 s interval. A transgressive and regressive hemicycle can be observed within each genetic unit. The lower section of each transgressive hemicycle consists of low-energy lime mudstone (including shells), whereas the upper regressive hemicycle consists of higher-energy packstone and grainstone. The upper regressive facies are extensively dolomitized, whereas the lower transgressive facies are partially dolomitized or undolomitized (Fig. 4) . The abundance of dolomite is proportional to the amount of precursor grain present in the rock.
Petrological characteristics
Two types of dolomite can be observed in the Sikou lacustrine carbonate: (1) fine crystalline dolomite (4-20 lm), which is dominantly grain-replacive, matrixreplacive and rim cement, represents approximately 95 % of all dolomite. (2) Medium crystalline dolomite occurring as cement in the interparticle porosity accounts for less than 5 %. The focus of this paper is on the first type of dolomite, which is positive for the reservoir quality of lacustrine carbonate.
In most grainy facies, including packstones and grainstones, fine crystalline dolomite has replaced both micrite and non-skeletal grains, which generally results in complete dolomitization (Fig. 5a ), whereas the matrix of lime mudstone was partially dolomitized (Fig. 5b) . The fossil fragments in the lime mudstone typically remained unaffected (Fig. 5c) . Fine crystalline dolomite rhombs may also occur as isopachous cement filling intergranular pores (Figs. 5d,  7a) . Most of the grains are composed of pure dolomite, but some ooids consist of alternating lamellae of calcite and dolomite (Fig. 5e ). Variable proportions of slightly coarser dolomite rhombs ''floating'' in a very fine crystalline dolomite matrix can be observed in the research area (Fig. 5f) .
All of the very fine crystalline dolomites in the matrix and grains exhibit dull red luminescence (Fig. 6a, b) . The dolomite is associated with clay and anhydrite (Fig. 6c) . The size of the fine dolomite crystals is 1-10 lm in length, and they are subhedral to anhedral in shape (Fig. 6d) , and the dolomite formed a smooth interface due to two-dimensional nucleation growth (Fig. 6e, f) . The very fine dolomite rhombs may partially or completely replace the intraclasts, algaes, ooids and peloids from outside to inside (Fig. 7) .
Geochemistry
The MgCO 3 mol% of very fine dolomites ranges from 43 % to 50 %, with an average of 44.2 %. The strontium content in dolomites can generally be related to the texture or timing of formation. The strontium concentrations of fine dolomites range from 800 to 1200 ppm in the Sikou Sag.
Stable isotope analyses were carried out on samples of dolomites and calcites at different stratigraphic intervals (Guo et al. 2010) and lithofacies, and the results are shown in Table 1 . The d 13 C values of calcites from lime mudstone range from -2.13 to 1.99 % PDB during this time interval. The carbon isotope composition of dolomite ranges from approximately 0.06 to 1.74 % PDB, which is consistent with the carbonate isotope composition of Es 4 s lacustrine water in the Sikou Sag (obtained from lime mudstone). The oxygen isotopic compositions of unaltered calcites from lime mudstone range from -8.3 to -5.4 % PDB, while the oxygen isotopic compositions of fine crystalline dolomite range from -11.3 to -8.09 % PDB.
The strontium isotope value of Eocene marine calcite was lower than 0.708000 (Veizer et al. 1999) . The strontium isotope surrounding the Cambrian and Ordovician carbonate bedrock ranged from 0.7096 to 0.7140 (Liu et al. 2007 ). The strontium isotope signature of Sikou dolomites and calcite ranges from 0.710210 to 0.710844 and is significantly higher than the Eocene marine value, but this isotope signature is similar to the surrounding Cambrian and Ordovician carbonate bedrock.
7 Discussion and interpretation
Stratigraphic and petrographic considerations
Stratigraphic and petrographic observations indicated that very fine crystalline dolomite in the Sikou Sag is a product of penecontemporaneous or near-surface saline lake dolomitization. This interpretation is supported by the following lines of evidence:
1. In partially dolomitized metre-scale high-frequency cycles, the amount of dolomite within a metre-scale, shallowing-upward cycle increases upward from the cycle bottom. In the top grainy facies including packstones and grainstones, dolomite has replaced both micrite and non-skeletal grains generally resulting in complete dolomitization, whereas in the lower part, mudstones are dominated by calcite. These features illustrate that the dolomitization of the Es 4 s occurred during the formation of each cycle, and the high porosity in packstones and grainstones favours the dolomitization fluids flowing through. 2. Textural relations between the dolomite and other phases indicated that the very fine crystalline dolomite formed relatively early in the diagenetic history. Very fine crystalline dolomites clearly predate equant sparry calcite cement and coarse calcite cement, which commonly filled the intergranular pores and is interpreted as a shallow to medium burial phase. The very fine rim cement is interpreted as an early cement formed at the lake floor. The dolomite has replaced the grain and matrix, generally resulting in complete dolomitization. This may reflect the occurrence of subaqueous evaporative conditions over longer periods, as opposed to a shallow tidal flat depositional system which may have experienced intermittent ''flushing'' by dolomitizing fluids (Rott and Qing 2013) . 3. The occurrence of very fine crystalline dolomite as rim cement and lamellae within dolomitized ooids of oolitic grainstone suggests very early, syndepositional formation of the dolomite either by direct precipitation from saline lake water or by dolomitization of precursor calcite. The alternation of dolomitized and undolomitized layers of coated grains was likely produced before complete ooid formation. 4. The dolomite pervasively replaces the grains of all facies, whereas the matrix is normally only partially affected. Pervasive replacement of the calcite by very fine, poorly ordered crystalline structures (Fig. 6d) literature and is most often attributed to early diagenesis. In addition, some studies have shown that the dull red luminescence observed in dolomites (Fig. 6a,  b ) is commonly associated with early formed dolomites (Machel and Burton 1991) . The crystal shape of dolomites is regulated only by the growth kinetics. At low temperatures, crystals grow by a layer-by-layer addition of atoms (Fig. 6e, f) , resulting in faceted crystal sides (Sibley and Gregg 1987) .
5. Based on petrographic observation, the euhedral dolomite rhombs are scattered throughout a very fine crystalline matrix and appear to overlap and cut across the finer crystals (Fig. 5f ). They are interpreted as a product of recrystallization in its conventional sense, where dissolution-reprecipitation takes place on a micro-scale along crystal faces with concomitant increase in average crystal size (Malone et al. 1996; Rott and Qing 2013) . (Yuan et al. 2006 )-is it marine or lacustrine in origin? There are four main processes cited in the literature that are beneficial to the lacustrine carbonate deposition in lakes. These include biogenic mediation, concentration through evaporation, waterborne clastic input and aeolian supply. The lake sediment type was controlled by the source rocks (Gebhardt et al. 2000) . So the widespread carbonate rocks of the catchment area will allow for carbonate accumulations in the associated lake basin (Jones and Bowser 1978; Gierlowski-Kordesch 1998) . The carbon and oxygen stable isotopic composition of the sediments, suspended-load river input and the carbonate bedrock can be used to deduce the origins of lacustrine carbonate (Mauger and Compton 2011) . The isotope values of bulk limestone samples indicate that the carbon and oxygen ratios of the Sikou carbonates differ significantly from the Eocene marine values, which range from d 13-C & 1.5-2 % VPDB and d
18 O & -1 to 0 % VPDB (Veizer et al. 1999) .
The source of carbonate lacustrine sediments can be deduced from Sr isotopes. As strontium often substitutes for calcium, strontium isotopes can be used as a proxy to identify the source of the calcium; if the source of calcite is from marine water, then Sikou carbonate minerals would be expected to have a sea water 87 Sr/ 86 Sr ratio, which was lower than 0.708000 during the Eocene (Veizer et al. 1999) . The 87 Sr/ 86 Sr ratio of the lime mudstones and dolomitized mudstones ranges from 0.7107 to 0.7113 and is significantly higher than the Eocene marine value, but is similar to the surrounding Cambrian and Ordovician carbonate bedrock, which ranges from 0.7096 to 0.7140 (Fig. 8) . The planar distribution of the lacustrine carbonates during the upper fourth member of the Eocene Shahejie Formation was also controlled by the surrounding Palaeozoic carbonate bedrock in the Jiyang Sub-basin (Jiang 2011) . All of these features indicate that the source of the Ca 2? and Mg 2? ions may come from chemical weathering of the surrounding carbonate bedrock and that the Sikou carbonate is of lacustrine origin.
The formation environment of dolomites
In general, later-diagenetic, coarsely crystalline dolomites have lower strontium concentration compared to the early fine crystalline dolomites (Hu et al. 2013) . High strontium concentrations (more than 1000 ppm) occur in dolomites precipitated from intensively evaporated waters and from dolomitizing fluids with high Sr/Ca ratios (Morrow 1990 ). The strontium concentrations of fine crystalline dolomites ranged from 800 to 1200 ppm in the Sikou Sag, indicating that the fine dolomites formed in intensively evaporated waters (Table 1) . C-O isotopic compositions of dolomites are mainly affected by temperature and salinity in the medium. Carbon isotopic composition is influenced by different sources of carbon, while oxygen isotopic fractionation occurs during the evaporation of water as temperature rises (Yang et al. 2013) . Overall, the d 18 O PDB and d 13 C PDB values become greater with increasing salinity (Lu et al. 2015) . The dolomite in the Sikou Sag may have undergone alteration by diagenetic fluids, and as a result, the oxygen isotopic signature was reset; however, the carbon was not affected (Fig. 9) . As the isotope fractionation between calcites and coevally precipitated dolomite is approximately 2.5 % (Swart and Melim 2000; Wang et al. 2012) , the d
18 O values of dolomite should be slightly higher than d
18 O values of calcite, if they formed from the same lacustrine water. However, the d
18 O values of dolomites from the Sikou Sag are significantly lower than the predicted values for dolomites derived from Es 4 s lacustrine water. The previous textural relations reveal that the initial calcite precursors were replaced relatively early by fine crystalline dolomite. Owing to the fluctuation of lake levels, the early formed dolomites were always affected by the meteoric water, and formed mouldic and vuggy pores (Figs. 5e, 6b) , and caused a negative shift of the oxygen isotopic value of the early formed dolomites (Fig. 9) . 
Mechanism of dolomite formation
Owing to seasonal evaporation, carbonate mainly formed inshore, while gypsum and halite occurred at the centre of the lake in most of the modern and ancient saline lakes (Peng 2011; Mauger and Compton 2011) . The existence of wet/dry cycles in surficial environments seems to be an essential requirement for the nucleation of dolomites (Deelman 2003) . Based on the distribution of dolomites in high-frequency depositional cycles, the formation process of fine dolomite in the Sikou Sag was interpreted to undergo two stages of evolution (Fig. 10) . Early brackish lake stage: This stage represents the most humid interval, in which the lake level is high. The chemical weathering of Cambrian and Ordovician carbonate bedrock produces Ca 2? , Mg 2? and HCO 3-ions which are transported to the Sikou Sag by run-off or through flow. The sulphate reduction began at the centre of the sag, where it is likely anoxic and stratified (Mauger and Compton 2011) . Early evaporation causes salinities to increase over time, and calcite is the least soluble of the major salts. As a result, it will precipitate in the shallowwater zone during evaporation, while the organic mudstone deposits occurred at the centre of the lake.
Late saline lake stage: This stage represents the aridity interval, and the greater evaporation rates resulted in the low lake level and the increase in salinity. The increase in the Mg/Ca ratio, following the removal of Ca 2? during gypsum precipitation, favours precipitation of Mg calcite. As the Mg/Ca ion ratio of the pore waters rises further, fine crystalline dolomite may replace existing calcite and highMg calcite.
The fine dolomite occurring in the grains and the matrix is interpreted to signify an early replacement origin, which is proven by the existence of the replacement (Fig. 7) and the coexistence of calcite and dolomite in the matrix (Fig. 5b, c) . According to the early replacement origin, the fine dolomite may replace the tiny calcite crystals covering the grains during the increase in salinity in the lake water. It is likely that higher-magnesium calcite lamellae with higher microporosity are more prone to dolomitization than the lowermagnesium calcite lamellae, which formed the alternating lamellae of calcite and dolomite in the ooids (Rott and Qing 2013) . However, replacement was not observed at the thin dolomite lamellae contained within some ooids.
The formation of lamellae and cement is considered in the published literature as primary dolomite in response to changing chemical conditions (Mitchell et al. 1987; Mazzullo et al. 1995) . The precipitation of primary dolomites from modern and ancient lacustrine environments has been widely documented in the literature (De Deckker and Last 1988; Arenas et al. 1999) . Some of the fine dolomite cement was also interpreted to be of primary origin in a shallow lacustrine environment (Mazzullo 2000) . Two main models have been established for the primary very fine lacustrine dolomite. Firstly, the bacterial removal of sulphate and resultant increase in availability of Mg 2? ions made the very fine dolomite directly precipitate from the evaporating lake waters (Burn et al. 2000) . Secondly, Meister et al. (2011) reported that fine-grained dolomite probably precipitates directly in the well-aerated water column from highly alkaline brine, whereas microbial alkalinity production and pH increases are negligible. So the precipitation of dolomites from saline lake water should be considered in light of the possible origin of very fine rim cement and dolomite lamellae within ooids in the Sikou Sag, and inferring a similar genesis for the origin of dolomite mud should also be explored in dolomitized mudstone.
Impact on development of hydrocarbon reservoir
Many previous studies have reported the porosity improvement by dolomitization (Moore 2001; Swei and Tucker 2012; Meng et al. 2014a, b) . In this context, in most grainy facies and mudstones, fine crystalline dolomite has replaced both micrite and non-skeletal grains, generally resulting in a significant increase in reservoir quality, particularly permeability, compared with the precursor limestone (Xu 2013) . With the development of intercrystalline pores, dolomites are more resistant to burial-related effects which therefore cause little reduction in porosity relative to limestones (Rabbani 2004) and are more frequently affected by fracturing than limestones and sandstones (Sun 1995) . In addition, the intercrystalline pores provided conduits for the influx of hydrocarbons and acidic fluids, enhancing porosity due to leaching.
Conclusions
The upper fourth member of the Eocene Shahejie Formation in the Sikou Sag consists of abundant grain-and matrix replacement very fine crystalline dolomite (2-30 lm). The dolomite is interpreted as a product of near-surface dolomitization of precursor calcite by lacustrine water of high salinity. Similar to the surrounding Cambrian and Ordovician bedrock strontium isotope Fig. 10 Proposed mechanism of dolomitization for the upper fourth member of the Eocene Shahejie Formation (Es 4 s ) around the Sikou Sag. a Saline lake with moderate salt and calcite precipitation during early stages of salt accumulation; b further evaporation elevated Mg/ Ca ratios and sulphate reduced, which led to dolomite precipitation and replaced the precursor calcite values, the dolomite and calcite support a carbonate bedrock source for some of the Ca and Mg delivered to the sag. In particular, the chemical weathering of carbonate bedrock may raise the Mg/Ca ratios of the lacustrine waters to achieve the high Mg/Ca ratios required for dolomite precipitation. Most of the dolomite crystals typically replace precursor grains and matrix. However, the direct precipitation of dolomites from evaporating lake waters should be considered in light of the possible origin of very early rim dolomite cement and dolomite lamellae within ooids.
